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initial cruack Zeogth,

Tnis raper too atteznis 1o colziacterise tus Iracture

'K;

behaviour of Tivcy reinforced glass composites using d-irve
approach and cbtains the analytical relaticns for Recurves.

n approximate relarnicn for crificel stress intensity ractor

(fraziure tougmncse K ) is prescnted.
VATERIAL PREZARATICN AND EAPRRTITNT.L PROCEDURE

The srecimens used in the experimental program were
prepared by Prciorite Ltd., U.K. using Chopped Strand ..t
(Csi1) ir Z 7 Rigid resin. The laminations designated &as A4,
5 and C were preparsd in the following manner :

A : 4 layers of .45 kg/ m° CSil in 5-7 Rigid
resin (thickness = 3.5 mn).

B : 16 layers of .45 kg/m° CSd in 2-7 Rigid
resin (+hickness = 13 mz).

C : 16 layers of .45 kg/m® CSil in 2-7 Rigid
resin, prepared over a pericd of 4 days curing
4 lavers of CSH in resin each day.(t¢hictncss

13 mm).




A

The specimens were cut to size of about 125 x 600 m

[

and rrevided with an edge notch by means of .5 mm Sew. Tis

was Iursthe

3

Shervened uring a .15 mm saw, 4l specimens
were rested under load-controlled conditions in an Avery
pDenison iatigue festing machine. During each test the
applied load and pseudocrack open 2ing displacement (COD)

were monitored and recorded continuously on an X7 piotter.

)

A

The COD was measured by a dcuble cantilever clip gage(

as shown in Fig.1.

The 10ad-COD curves as recorded are given in
Figures ¢,7, and 4 for laminates 4, B and C respectively.
These curves are found to be linear initially followed by
almos+ continuous deviation Trom linea arity indicating a
slow crack growth prior to fracture. Since the composi.tes
testea GC rot show any visible self similar cra-k growth
such as occurs in meia.:r, -V effective crack length matching
the ccempliance sed on COD was used to comstrict crack

el

growth resistance R-curves. Thz compliance was obtained
using the inijlal straight portion of loagd displacement
records at varicus initial crack lengths, This compliance
w25 plotted against a/w as shown in Fig,5 to obtain the
effective crack lengths. The procedure +0 obtain effective

crack length is as foliows:

1) As shown in Fig.6, a straight line is drawn from
the originto the selected voint on the load-displacement
curve. The Inverse of the 3liope cof this line is ths

complience.




2J Using this comnliance kogether with the calibraticn

v

1

.5) gives *he effective crack length. Th

I
(9]

rrocedure can be rouented for othor points on the load-

COD curve *o get additionel values of civective crack
lengths,
PVADUATION C R-CURVES:
Crack growth resistance - h iz defined as
2
X
D 1 ~
R-—..!,‘-‘ = -T; Y2 c a, see <1>
-

vhere,
a is the effective instantaneous crack length
cyxrresponding to stress -~

Y is finite width correction factor defined by

Y = 1,99 - .41 (a/w) +13.7(a/w)° -38.48 (a/w)”
+ 53,85 (a/w) cee (2)

and B is the Young's wmodulus of the material.

The variztions cof KR2 with effective crack long'n
& ar2 chowm In 2lgure 7 to 9 for laminates A, B angd ¢
respectively. The figures indicate that the KR ~ effcctive
crack length rclationships appear to be nonlinear. Trom
Fig,9 i+ is seen that the KR - curves are similar for all
the initial crack lengths. The maximuw value of KR 40 not
vary significantly with initial crack leugth but KR at

crack growth nitiation warics to soue extent. This




indicates fthat crack growth resisiance way be independent
of 1nitiul crack length which is confirmed by Fig 12 whore

.2 . . .
By nns peen nicticd as a funchion of ciuck extension

cron Figures 7 oanae 9 it is aifficult to make such
conclusive gtatement us *c whether onc could consider
Kq t0 be independint of initial crack leng+h as all the
panels do not lead to consistent Kp b hdv‘our, though
maximmp Kp does not wary significantly except in a few

CASES,

Supernosition of Figures7 and 8 reveals that the
KR burve for atleast ac/w = 0.2 is almost adeirtical,
indicating that crack growth resistance uay bpe independent
of laminate thickness. However, nei'e data will be needed
to substantiate +nis statement. Despite such variations,
the interesting feature of these resulys is that the
average of maximum K. {deaoted as Ky, in Table III) is
practically same for laminates A, B ‘and C respectively.

The R-curves can be used to predict the crack
instability point by plotting the crack driving force

curves with o~ as a parameter (Fig.10) using the equation

K= Y% c a sue (3)




point of tangency betwsen R-curves
ant crac driving forea curve deternines the point of

nstability. rol the present cases such points cf
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tangeucy were not ohsersed i1 all cases. Thus in such
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{(denoted as X-
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225es the maximun value of

e,

consicdered as criticzal which are represented by Kﬁ in
g
“
e ZII. Th2 average ig are found to be practically
‘4.-

sare ror laminates A, R and C indicating that “R value

at instability is invariaznt with thickness and the

These R-Curves can also be used %o calculate
candidate stress 1ntepsi vy faecctor AQ using a crack

extension of 275 »f in i?l crack langth similar to one

(%

sed by Jcnes and Brown for some metallic materials.
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HQ so determined are indicated in Tatle III
o]

~3J
[
)
<3
%)
,—-J
(v}
W
4]}
Q
(]
N

a.d arc found to be varying with initial crack length.
Dve to such variation probably KQ may not be treated as a

choracteristic narazmeher as critical stress intensity factor.
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lezived in this table are the values of K obtained
on th2 basis of maximum load and initisl erack length.

e Khax do not differ very much betwecn laminates
Kraft et.al(5) have proposed R-curves to be

Inveriant i.e. Independent of intial crack lengthe.

Then R-curve would be a function only of the amomnt or
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slow crack growth aa. To verily this statemcni tho

R .
variation of Kg° with off.ctive crack extension &z’

are nlotted on double legarithm scale in Flgs.11, 12 and

13. It

. PR, - > . . . 1 f%
linsay relationcsinip befiween LOg Ka

Uc“".?““

sing cthod of leact souares the mean

the n
detzrmined arnd are snown on these fizurcse It is

obvious that the deviation frow the Hiak lices is small
and is almost negligible in the case of laminates E.

In vicw of small dcviation, R-curve can he considarad to

be function of aa only and may bz represented by simple
power law
qu ”
+ 4
R = -5 =g plaa/w) ces ()

where o and B for laminates A, B and C are ziven

by Table I.
TABLE -1
Constants for R-curve equ=ztlion
Laminatcs o }2 (15/m)
10 53945
.29 356.1
) 5Ct.2

sy Y oo




J-cirves so deterained, arce snowa in Fig.lh as

LD . . . X . o
£, vseon/wa It iz obzsorved that  Hecurves for l-nin-tes

dilter consideranly from luuinates Co 35 o restls,
Recurve mmy bu considercd invariznt with thickaoss bu
not with nrocedurc of laninatione, In view of suial

varistisn bitween 4 and B an cquation

- Va7 FooN '3’*5

n - e ’ - /"_‘\
R TS0l N =y ey ~ew D)

an be wsed to represent R-curve ror lazinstoes ol

o

ony inicknoss without causing appreciable errcr. This

curve is shown in Pigeil as an overage of 4 and B.
The analytical expression(d) for R can be used to

aer

[=3

ve fracture criterion by using the fracture conditions

G =R cer (6)

2a | 7a

where G is the energy rceleasce rate and is given by,

G = -—;I\-- = .'_.‘_2..%'_2_.&_. cee (7)

Thosc cuuations lend to the following fracturc

~ = I X ) '
a ( - F2/.5 l one (8)

Sa VIl (o(ac/?1w)d/2 ol ees (9)
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L‘1 - ‘!"“ o \l(‘ hd \WiJ et \10)
- st -1 .
F, = 1+ 2 7 a, Y(i..~) w ese (11)
LA N _L/"b(a/w) ] a= a, o (123
o a, and a2, are initial and critical crack length
)
v_specvively cnd Y is given by equation (2).
The cguations (Y and (9) lead to the determination
of critical . stress g7 »~nd eritiocsl crachk length o .
When cage effccts are negligible ie.coy® = O
and Y = const, the cquations (8) and (9) yield
:C = ac/(‘]..{\() LT (13)
and .. /o
- al1=% 72 < const ees (1W)
e “e

. whizh are identical to one derived by Broek(éfp'188).

To show the usefulness of equations (8) and (9)
a,/v and ghave been plotted as functions a/w in
Figs. 15 and 16 where they are compared with test results.
The agreement between calculated and test results is good.
Figure 16 also indicates that gz varies little with
thicknesse These figures may be useful in predlcting

the residual strength of such laminates.
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s
awd (O} can we usea o

intensity facter K

c
b R [ . PO - -~ -3 - - - <
Calig O CTLiical strain cnerge szlnase pate G, as a
A
o et n o . . e s
Tunetion of a - such behaviour of N, s shown in Pirurc-

17 wilch indicates that the variation of K with a2 /w
o .

is small.

Figure 15 dcuict the linear behaviour of a./w

with ao/w fer a./w > 15 so that
i .
; ao/W ™ n (aC/Qf) + Gy 1v/w > .15
1
} ees (13)
| where m and C,l are glven by Table -II.
. TABLE ~IT

e i e e,

Constanls fer enn.for critical crack length a,

Laminate n C1

A 955 0625
097 .OL}'S
C 96% 0675

Since variaticn of ac/% with thickness in
Figure 15, appears to be small, a single line
i 2o/W = 49625 (a/u) + 05375, a /v > 15 .ee (16)

may be used to represent laminates A and B within snall
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which may be censidercd as a fracture touginess paramesier.

CONCLUSICIS =

1

Due to slew crack growth prior to fracture., R-curves
are found to be useful to provide full informaticn
n the fracture resistance of the material upto the

final fracture.

Average vzlue of KR at peint of instability is

practically sawmwe for all lsminatess

The efTective crack growth ét instability point
varies with initial crack length and the extensicu
in general is large in case of laminates C. This
indicates that the critical stress for lamiuates C
should be smaller than laninates A or B. Thus it
appears disadvantageous to prepare laminations with

large interval of times.

A simplified expression for critical stress intensity
factor or fracture toughness K, is given by eqn.(i?7)
which may be found useful for quick estimation of

fracture toughness for such materialse.
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